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Sex- and context-dependent migration in 
a 
pond-breeding amphibian 
Kristine L. Grayson1 and Henry M. Wilbur 
Department of Biology, University of Virginia, Charlottesville, Virginia 22904 USA 
Abstract. Partial migration, variation in the percentage of a population that completes a 
migration, can be influenced by the local environment and condition of an individual. We 
examined the direct and interacting effects of habitat quality and gender on migration decision 
by manipulating population density and sex ratio in a factorial field experiment using aquatic 
enclosures. In partially migrating red-spotted newts (Notophthalmus viridescens), we measured 
the percentage of newts migrating to the terrestrial habitat vs. overwintering as pond residents. 
Density significantly influenced migration, with 63% of newts migrating from high-density 
enclosures compared to 39% from low-density enclosures. Newts also migrated earlier from 
high-density enclosures, but no significant effects of the sex ratio treatment were found. 
Females migrated earlier than males, and 64% more females developed the migrant phenotype, 
suggesting important sex-based trade-offs of migration. No differences were found between 
migrants and residents in initial body size, counter to our prediction that larger individuals 
would be more likely to remain pond residents. This study demonstrates experimentally that 
migration can be a plastic response influenced by both local density and gender. 
Key words: density dependence; migration phenology; Notophthalmus* viridescens; partial migration; 
phenotypic plasticity; population sex ratio; red-spotted newt; reversible phenotypic polymorphism. 
Introduction 
Many migratory species have intrapopulational var 
iation in migration distance or timing (differential 
migration), while others vary in the portion of the 
population that migrates (partial migration; reviewed by 
Lundberg 1988). Studies testing the mechanisms that 
affect partial migration are important for understanding 
the evolution of migration and adaptations to environ 
mental uncertainty. This study tests the influence of the 
environment and the role of individual state on partial 
migration in a species of pond-breeding amphibian, the 
red-spotted newt (Notophthalmus viridescens). 
Seasonal migrations of sexually mature, pond-breed 
ing amphibians from terrestrial habitats to aquatic 
breeding sites typically occur in the spring (reviewed 
by Russell et al. 2005). While all individuals of most 
species, such as Ambystoma spp. (Church et al. 2007), 
exit the aquatic habitat after the breeding season and 
return to the terrestrial habitat (complete migration), 
individual N. viridescens can either migrate or remain 
resident in the pond for the winter (Sever 2006). 
Although partial migration is common in fish, birds, 
mammals, and insects (Dingle 1980, Swingland 1983), 
few examples in amphibians have been documented. 
Dispersal occurs during the juvenile stage in this species 
(the red eft stage) and the vast majority of migratory 
adults return to the same breeding ponds (Gill 1978). 
Although migratory behavior in some species is herita 
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ble (Berthold and Pulido 1994), genotypes in other 
species express phenotypic plasticity (Harris et al. 1990, 
Olsson et al. 2006). Laboratory studies showing that the 
migrating phenotype and corresponding physiological 
adaptations to a terrestrial environment can be induced 
in N. viridescens (e.g., Walters and Greenwald 1977), 
and mark-recapture field data showing that individuals 
can change migration tactic from year to year (K. 
Grayson, unpublished data), indicate a high degree of 
plasticity in this species. 
In species with migratory plasticity, the decision to 
remain a resident or to migrate is often influenced by 
environmental factors. The general prediction for 
partially migrating populations is that under unfavor 
able conditions an increased portion of the population 
will migrate (Cohen 1967). Environmental conditions 
may be poor for a variety of reasons, due to abiotic 
factors, such as pond-drying or anoxia, or due to biotic 
factors, such as reduced food availability or competi 
tion, that typically vary with population density. Recent 
transplant studies in salmonid fish have shown that 
individuals in high-density populations favor migration, 
whereas those in low-density populations favor residen 
cy (Olsson et al. 2006). Facultative paedomorphic 
salamanders, such as Ambystoma talpoideum, are 
another example of a migration polyphenism that is 
highly influenced by population density or drying of the 
pond (e.g., Semlitsch et al. 1990). 
In addition to density, social environment may 
contribute to the quality of the resident habitat. An 
asymmetry between the sexes in competitive ability for 
resources has been proposed as a mechanism for 
increasing migration tendency in the less dominant sex 
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Plate 1. (Left) The aquatic phenotype and (right) the terrestrial phenotype of adult red-spotted newts {Notophthalmus 
viridescens). Photo credits: Pierson Hill (left) and K. L. Grayson (right). 
(Ketterson and Nolan 1976). Sex-based differences in 
migration are also predicted by the arrival time 
hypothesis, in which the sex competing more intensely 
for mates benefits from being resident at the breeding 
site (Ketterson and Nolan 1976, Alerstam and Heden 
strom 1998). These hypotheses predict for this study that 
female newts should be more likely than males to 
migrate. A less tested hypothesis is whether sex ratio 
influences migration. For species with competitive 
mating systems, mating harassment by males can be 
costly for both sexes (Rowe et al. 1994). In N. 
viridescens, males engage females in prolonged bouts 
of amplexus aimed at increasing female receptiveness 
(Massey 1988). Multiple males often attempt to engage a 
single female in courtship and wrestle amplexed pairs, 
trying to dislodge the first courting male; this competi 
tion has been shown to be more intense in higher male 
biased sex ratios (Verrell 1983). In the smooth newt, 
Triturus vulgaris, female newts have been shown to be 
averse to competitive sexual encounters involving 
multiple males (Verrell 1984). Consequently, a male 
biased environment could increase the tendency of 
females to migrate in order to avoid costs of male 
harassment (Baguette et al. 1998). Additionally, male 
newts have been shown to spend more time in courtship 
under increasing male competition, which may incur 
energetic costs (Verrell 1983, 1985). Male newts could 
also be expected to increase migration from a male 
biased environment due to the lack of females and 
increased competition (Nummelin 1988). 
This study experimentally tests both the independent 
and interactive effects of habitat quality, social environ 
ment, and gender on partial migration in the red-spotted 
newt. Unlike many migrating vertebrates, N. viridescens 
is amenable to field experiments. Under high density and 
a male-biased sex ratio, we expected a greater portion of 
newts in each enclosure to migrate as opposed to 
remaining resident in the pond. Additionally, we tested 
for state-based differences in body size and sex between 
migrants and residents, expecting that more females and 
smaller-sized individuals are likely to migrate. 
$ 
^ 
Materials and Methods 
Study species 
At the end of the breeding season at the study site, in 
late summer and early fall, adult red-spotted newts can 
either migrate back to the terrestrial habitat or remain 
v 
rtN 
resident in the breeding pond for the winter. Notoph 
thalmus viridescens is well known for its variation in life 
cycle and migration pattern (ranging from completely ^j 
migratory to partially migratory to permanently aquat- **? 
ic) across its wide range (reviewed by Sever 2006). In ^,j^ 
many partially migrating species, migrants utilize an (J 
alternate phenotype involving morphological and phys 
iological changes to increase survival during the journey 
or in the alternate habitat (Olsson et al. 2006). N. 
viridescens individuals that overwinter in the pond retain 
the aquatic phenotype that all individuals have during 
the breeding season: a large dorsal tail fin and smooth, 
mucous-covered skin. Migrants develop a distinct 
alternate terrestrial phenotype with a reduced tail fin 
and darker granular skin more resistant to desiccation 
(Walters and Greenwald 1977, Davis and Grayson 2007; 
see Plate 1). The discrete aquatic and terrestrial 
phenotypes are reversible, as migrants transform back 
to the aquatic phenotype when returning to the same 
breeding pond in the spring. 
Study site 
The experiment was conducted in Station Pond at 
Mountain Lake Biological Station, Giles County, 
Virginia, USA (elevation 1160 m). Station Pond is a 
0.65-ha, stream-fed, fishless permanent pond. It was 
constructed in 1965 and supports a large population of 
N. viridescens (estimated population 7600-12700, sam 
pled using a robust mark-recapture design; K. Grayson, 
unpublished data). Thirty-six pond enclosures consisting 
308 KRISTINE L. GRAYSON AND HENRY M. WILBUR Ecology, Vol. 90, No. 2 
of a wooden frame with polyethylene netting (0.32-cm 
mesh, XV-1348, Industrial Netting, Minneapolis, Min 
nesota, USA) were placed around Station Pond on 14 
April 2007 (length = 3.66 m, width = 1.22 m, height of 
end in pond 
= 1.22 m, and height of end on bank 
= 0.61 
m; Appendix A). The surface area of water within each 
enclosure was 3.83 ? 0.04 m2, mean ? SE (volume 
= 
2.23 ? 0.02 m3, mean ? SE) with 52.0 ? 3.00 cm of 
terrestrial area exposed on the shallow end; the variation 
in area was due to small differences in slope around the 
pond. Enclosures were divided into three spatial blocks 
to account for this variation as well as other potential 
environmental differences around the pond. On 16 
April, 120 g of dry leaf litter from the surrounding 
forest was randomly added to each enclosure as a 
substrate. Silt and detritus also drifted through the mesh 
to cover the plastic bottom within a week. 
Experimental design 
We used a 2 x 3 factorial design in which we 
manipulated the population density (low =12, medium 
= 24, high = 36 total newts) and sex ratio (2:1 or 1:2 
males : females) within each enclosure. The low-density 
treatment most closely represented the density estimated 
^4 for the whole pond (1.5-2.6 newts/m2; K. Grayson, 
*"f 
'"^ 
unpublished data). Station pond, however, is over 5 m 
p^ deep; much higher newt densities, similar to our 
^N medium-density treatment, 
are found in shallower 
*^ habitat, where 
our enclosures were located (6.0-8.8 
^<. newts/m2; Kraus 2006; personal observations). The 
^^ 
* estimated sex ratio of Station Pond, 2.4-2.8 males: 1 
0K^ female (K. Grayson, unpublished data), is similar to the 
l^^l 
male-biased sex ratio treatment used in this experiment 
V l and is consistent with other estimates in natural 
populations (Gill 1978, Massey 1988). 
The treatments were assigned to enclosures using a 
randomized complete-block design with unequal repli 
cation of the density treatments (replicates per sex ratio 
treatment: high density 
= 3, medium density 
= 6, and low 
density 
= 
9, for a total of 36 enclosures with 720 newts). 
We increased the number of replicates for low-density 
treatments so that the total number of adult newts in 
each density treatment was similar. This was done to 
increase the precision of estimates (survival and per 
centage migrating) for enclosures that were calculated 
from a lower number of individuals. 
All newts used in the enclosures were collected from 
Station Pond and were individually photographed, 
weighed, and randomly assigned to enclosures on 23 
April (males) and 25 April (females). Enclosures were 
checked daily from 23 April to 15 September between 
07:00 and 09:00 hours EDT (Eastern Daylight Time) 
and after rain showers. Newts found out of the water 
attempting to leave an enclosure were confirmed as 
migratory due to behavior (out of the water, pacing at 
the terrestrial end of the enclosure) and transition to the 
terrestrial phenotype (distinct dry, granular skin and 
reduced tail fin; Walters and Greenwald 1977). Migr?t 
ing individuals were photographed, weighed, and 
released in the surrounding forest. From 9 to 14 
September, funnel traps were used to capture newts 
remaining in the water. On 15 September, the enclosures 
were removed from the pond and emptied. The 
termination date was based on data from prototype 
enclosures in the previous year where the last migrant 
was found on 30 August, and a lack of migrants found 
after rains in September (92% of migrants found in this 
study were collected before 15 August). All newts 
remaining in enclosures were collected, photographed, 
and released back into Station Pond. One enclosure was 
damaged during removal and the remaining newts 
escaped (treatment 
= medium density, male-biased). 
Seven of eight females were captured from this enclosure 
prior to removal and therefore the data for females were 
still used in all analyses. Data from captured male newts 
were still used for analyses based on individual data 
(migration date), but not for analyses based on 
enclosure-level data (survival and percentage migrating). 
Data analysis 
Photographs of the dorsal pattern of red spots were 
used to identify individuals within an enclosure. These 
unique spot patterns are stable over the adult life span 
and have been used in several studies as a marking 
system in this species (e.g., Gill 1978); see Appendix B. 
All individuals captured were successfully matched to 
their initial photographs, with the exception of one 
enclosure in which a hole resulted in stocked newts 
escaping and newts from the outside pond entering 
(treatment 
= medium density, female-biased). This 
enclosure was excluded from all analyses. 
Newt survival was evaluated by comparing the 
number of newts recovered to the initial number of 
newts of each sex placed in each enclosure. Migration 
decision was evaluated by comparing the number of 
newts migrating to the total number of newts recovered 
for each sex in each enclosure. We calculated the 
percentage migrating and percentage remaining resident 
from the final number found alive, because newts that 
did not survive could not be assigned to either outcome. 
However, calculating migration outcome from initial 
density had no impact on the analysis due to the high 
proportion of newts surviving (see Results; average 
difference in percentage migrating when calculated from 
initial density, as opposed to the final number found 
alive was 2.44% ? 0.37%, mean ? SE, maximum 
difference = 4.04%). The portion of newts surviving and 
the portion migrating were analyzed using a generalized 
linear mixed-model with a binomial distribution of 
errors (Proc GLIMMIX, SAS, version 9.1, SAS 
Institute, Gary, North Carolina, USA). The three-way 
model included density treatment, sex ratio treatment, 
and newt gender as fixed effects and block as a random 
effect. 
We also tested the effect of the treatments and the 
difference between the sexes in migration timing. 
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Table 1. Results from three-way generalized linear mixed-model analyses testing the effect of density (high, medium, or low), sex 
ratio (male- or female-biased), and gender on survival, migration outcome, and migration date of red-spotted newts 
(No top h thalmus viridescens). 
Survival Migration outcome Date of migration 
Source df df df 
Density 2,53 0.19 0.83 2,53 10.75 <0.001 2,49 6.10 0.004 
Sex ratio 1,53 2.78 0.10 1,53 0.31 0.58 1,49 3.12 0.08 
Gender 1,53 0.14 0.71 1,53 26.13 <0.001 1,49 9.57 0.003 
Density X sex ratio 2, 53 0.35 0.71 2, 53 0.57 0.57 2, 49 0.03 0.97 
Density X gender 2,53 0.46 0.63 2,53 1.75 0.18 2,49 1.05 0.36 
Sex ratio X gender 1,53 0.08 0.78 1,53 1.54 0.22 1,49 1.30 0.26 
Density X sex ratio X gender 2, 53 0.48 0.62 2, 53 1.08 0.35 2, 49 0.67 0.51 
Notes: Spatial block was a random factor for all analyses. The variance among enclosures was also included as a random factor 
for the analysis of migration date. N = female data from 34 enclosures and male data from 33 enclosures for survival and migration 
outcome (see Materials and Methods and Results for enclosures excluded from the original 36). N= female data from 33 enclosures 
and male data from 30 enclosures for date of migration (in five cases an enclosure had no migrants of one sex). All analyses were 
conducting using the GLIMMIX procedure in SAS, version 9.1. 
Migration date was calculated as the number of days 
since the start of the experiment when an individual was 
found attempting to migrate. The number of days was 
log transformed to achieve normality. We used a 
generalized linear mixed model with a normal distribu 
tion of errors with the same fixed and random effects as 
before. In addition, to account for the common 
environment of individuals in the same enclosure, the 
variance among enclosures was used as the error term; 
this is tantamount to analyzing enclosure means. 
Lastly, we tested if body size or mass influenced the 
tendency to migrate. Body size was measured as snout 
vent length from newt photographs, as in Davis and 
Grayson (2007), and mass was measured to the nearest 
0.01 g. Initial body condition of individuals before being 
assigned to enclosures was calculated as the residuals 
from a regression of body mass and body size (snout 
vent length; Schulte-Hostedde et al. 2005). Using logistic 
regression, these residuals were compared between newts 
that migrated and those that remained in the pond. 
Initial condition was used because final body mass of 
migrants and residents could not be compared: the 
transition to the migrating phenotype involves unknown 
changes in water balance (Walters and Greenwald 1977). 
Results 
After 4.5 months in the enclosures, 93.1% of newts 
were recovered alive. Survival within enclosures was 
94.9% ? 0.98% (mean ? SE), with the exception of one 
enclosure where recovery was 41.7% (treatment 
= 
medium density, male-biased). It is unknown whether 
recovery in this enclosure was low due to mortality or 
escape, and this clear outlier was excluded from all 
analyses. Survival was not significantly different between 
treatments or genders (Table 1). 
The percentage of migrants per enclosure was 
significantly affected by density (P < 0.001, Table 1), 
with 62.4% more migration occurring from high-density 
than low-density enclosures. Significant differences 
between the sexes were found as well (P < 0.001), with 
an average of 60.3% ? 3.6% (mean ? SE) of females 
migrating from an enclosure compared to 36.7% ? 3.9% 
of males (Fig. 1A). Similarly, migration timing was 
significantly affected by density (P = 0.004) and sex (P = 
0.003). Although migration date ranged from 37 to 134 
days since the start of the experiment (1 June-6 
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Fig. 1. (A) Percentage (mean ? SE) of male and female 
red-spotted newts (Notophthalmus viridescens migrating from 
enclosures of different density and sex ratio bias (F, female 
biased; M, male-biased). (B) Migration date (mean ? SE) of 
individual N. viridescens males and females (the number of days 
since the start of the experiment, i.e., 85 days = 19 July). The 
number of enclosures is indicated for each point in panel (A); 
total migrants = 202 females and 135 males. Males and females 
were in the same enclosures (i.e., there were nine female-biased 
low-density enclosures total, with data on males and females 
collected for each enclosure). The number of migrating 
individuals is indicated for each point in panel (B). 
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Fig. 2. Linear regression of initial body size 
(snout-vent length, mm) and initial body mass 
for newts that ultimately migrated or remained 
resident. Support for the body size hypothesis 
would be indicated by residents being larger 
(aggregated to the right) or heavier (aggregated 
above the regression line); neither scenario was 
found. 
36 38 40 42 44 46 48 50 52 
initial newt size (mm) 
September), on average, migrating individuals attempt 
ed to leave high-density enclosures 8 days earlier than 
low-density enclosures and females migrated 6 days 
earlier than males (Fig. IB). Sex ratio treatment did not 
significantly affect migration outcome or timing, nor 
were any of the interactions significant (Table 1). 
However, an interesting trend within density treatment 
was that males, on average, migrated earlier from male 
biased enclosures than from female-biased enclosures (P 
= 0.08; Fig. IB). 
A significant positive relationship was found between 
r^N initial body size and initial body 
mass for males (R2 = 
?*. 0.59, P 
< 0.0001) and females (R2 = 0.51, P < 0.0001). 
^^s The residuals from this relationship, which is an index of 
^^ initial body condition (Schulte-Hostedde et al. 2005), did 
(Xi 
= 1.12, P = 0.29) or female newts (%2 
= 0.50, /> = 0.48; 
Fig. 2). 
Discussion 
This experiment demonstrates that habitat quality 
and gender can interact to influence migratory tactics in 
species with plasticity. The ability of red-spotted newts 
to increase their propensity to migrate in response to 
density indicates that partial migration can be a plastic 
response to unfavorable environmental conditions. The 
difference between the sexes in several aspects of 
migration suggests that the costs and benefits of 
migration for males and females are different. As 
opposed to our prediction, no asymmetries in initial 
condition were found between migrants and residents. 
As predicted, newts were able to assess their habitat 
and adjust migration tactic and timing in response to the 
unfavorable environment created by the density treat 
ment. Theoretical work (Lundberg 1987, Kaitala et al. 
1993, Taylor and Norris 2007) and recent field research 
(Olsson et al. 2006) have highlighted the important 
effects of density on partial migration. Few partial 
migration studies on vertebrates, however, have shown 
density effects using replicated field experiments, prob 
ably because of the difficulties of enclosing wide-ranging 
animals. However, density effects are well known in the 
ecological literature, documented in topics ranging from 
dispersal to metamorphosis, disease, and phenotypic 
plasticity (e.g., Wilbur 1972, Matthysen 2005). Most 
commonly, environments under increasing density 
induce change in individuals, ranging from changes in 
habitat to spatial location, diet, behavior, or phenotype. 
In this study the unfavorable environment of higher 
densities increased the propensity to migrate in N. 
vir ides cens. 
In addition to altering migration decision based on 
population density, significant sex-based asymmetries 
were found. A greater percentage of females migrated 
from enclosures compared to males, consistent with 
migrations patterns seen in an adjacent natural popula 
tion (K. Grayson, unpublished data). However, we found 
no support for our hypothesis that more females would 
remain as residents when released from a male-biased 
sex ratio. Differential migration between the sexes has 
been observed for numerous species, often with males 
remaining resident or wintering closer to the breeding 
grounds than do females (Ketterson and Nolan 1976, 
reviewed by Alerstam and Hedenstrom 1998). This 
study is the first, however, to experimentally demon 
strate this response and its interacting effects with the 
environment. For newts, the arrival time hypothesis may 
explain why fewer males migrate. For male pond 
breeding amphibians, order of arrival and sperm 
precedence are very important to reproductive success 
(Jones et al. 2002, Tennessen and Zamudio 2003). Fall 
breeding opportunities, because females are able to store 
sperm, may also be important for male N. viridescens 
(Sever 2006). The results from this study on timing of 
migration may indicate that male newts are able to 
detect these opportunities; males tended to depart later 
from female-biased enclosures. 
One question that remains is why some female newts 
would adopt the resident phenotype at all. A possibility 
is that frequency dependence plays a role, with the 
resident tactic becoming more favorable as a greater 
percentage of the population migrates (Lundberg 1987). 
Due to the abundance of available males during the 
spring breeding season, fall and winter mating oppor 
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tunities are unlikely to increase the fitness of female 
newts and make remaining in the breeding pond 
overwinter advantageous. However, the ability to feed 
during the winter may increase fat reserves and, 
consequently, egg production in the spring (Adams 
and Rae 1929). Migrating newts spend the winter in 
torpor in the terrestrial habitat, whereas newts in the 
aquatic habitat are able to stay active even under ice 
cover (Petranka 1998). A winter diet study of TV. 
viridescens found that feeding occurs during all months 
(Morgan and Grierson 1932). These benefits may be 
weighed against the risk of anoxia in the pond, resulting 
in winter kill, or of pond-drying. Research is underway 
in a natural population to differentiate among these 
hypotheses about the dynamics and trade-offs of partial 
migration. 
Contrary to our expectations, neither initially larger 
nor heavier newts were more likely to remain resident. 
Asymmetries are expected when partial migration is 
condition dependent and individuals that are in better 
condition or more dominant are expected to seek the 
better habitat (Alerstam and Hedenstrom 1998, Bro 
dersen et al. 2008, Gillis et al. 2008). We expected larger 
newts to remain resident to take advantage of spring 
reproductive opportunities and a reproductive advan 
tage over migrants. Migrants take anywhere from days 
to weeks to return to the aquatic phenotype (personal 
observations) and residents that already have larger tail 
fins should be competitively superior (Able 1999). 
However, larger individuals may be more susceptible 
to mortality due to pond-freezing and the resulting low 
oxygen concentration (Harris 1980). However, to fully 
evaluate the role of conditional asymmetries, one needs 
to know the body mass of newts prior to migrating but 
before transitioning to the terrestrial phenotype. Newts 
were not repeatedly sampled in enclosures to obtain 
these data because repeated disturbance could have 
affected migration decision. A future study could 
incorporate a repeated measure of body condition or 
further investigate the physiology of the transition to the 
migrant phenotype. 
In conclusion, studies of migration plasticity contrib 
ute to a larger body of work focused on how organisms 
adapt to handle environmental change. This study 
shows how partial migration in an amphibian can be 
an adaptation for avoiding unfavorable environments. 
Habitat quality, manipulated through population den 
sity, highly influences the decision to migrate while 
mating dynamics in this species may explain sex-based 
asymmetries in migration. By determining the factors 
influencing migratory decisions within a population, we 
can further understand the ecology and evolution of 
partial migration and plasticity. 
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